Calnexin (CNX), known as a lectin chaperone located in the endoplasmic reticulum (ER), specifically recognizes G 1 M 9 GN 2 -proteins and facilitates their proper folding with the assistance of ERp57 in mammalian cells. However, it has been left unidentified how CNX works in Aspergillus oryzae, which is a filamentous fungus widely exploited in biotechnology. In this study, we found that a protein disulfide isomerase homolog TigA can bind with A. oryzae CNX (AoCNX), which was revealed to specifically recognize monoglucosylated glycans, similarly to CNX derived from other species, and accelerate the folding of G 1 M 9 GN 2 -ribonuclease (RNase) in vitro. For refolding experiments, a homogeneous monoglucosylated high-mannose-type glycoprotein G 1 M 9 GN 2 -RNase was chemoenzymatically synthesized from G 1 M 9 GN-oxazoline and GN-RNase. Denatured G 1 M 9 GN 2 -RNase was refolded with highest efficiency in the presence of both soluble form of AoCNX and TigA. TigA contains two thioredoxin domains with CGHC motif, mutation analysis of which revealed that the one in N-terminal regions is involved in binding to AoCNX, while the other in catalyzing protein refolding. The results suggested that in glycoprotein folding process of A. oryzae, TigA plays a similar role as ERp57 in mammalian cells, as a partner protein of AoCNX.
Introduction
Asparagine (N)-linked glycoproteins are a group of secretory proteins which play important roles in numerous biological processes, such as cell-cell interactions, immune response, cell differentiation, signal transduction, malignant transformation, microbial infection, and protein folding (Haltiwanger and Lowe 2004; Dube and Bertozzi 2005; Jefferis 2009; Hart and Copeland 2010) . In past decades, great effort has been made to reveal molecular mechanism of glycoprotein folding and quality control processes in the endoplasmic reticulum (ER), in which various carbohydrate active proteins, including enzymes, chaperones, and lectins are involved. Co-or post-translational N-glycosylation of proteins starts from transfer of a precursor tetradecasaccharide consisting of three glucose (G), nine mannose (M), and two N-acetylglucosamine (GN) residues (G 3 M 9 GN 2 ) to asparagine residues embedded in the Asn-X-Thr/Ser (X is any amino acid except proline) consensus triad (Whitley et al. 1996; Ruiz-Canada et al. 2009 ). Subsequent digestion by α-glucosidase I and α-glucosidase II remove the outermost and the penultimate G residue, respectively. Resultant glycoproteins exhibit monoglucosylated glycan (G 1 M 9 GN 2 ), which is known to function as a key glycoform in the glycoprotein folding process, as they are recognized by lectin chaperones calnexin (CNX) and calreticulin (CRT) (Zapun et al. 1997; Caramelo and Parodi 2008; Rutkevich and Williams 2011; Tannous et al. 2014) . In mammalian cells, ERp57, a protein disulfide isomerase (PDI) specialized for glycoprotein folding (Zapun et al. 1998; Rutkevich and Williams 2011) , contributes to the protein folding process by forming complexes with CNX/CRT through the extended arm domain (P-domain).
In recent years, chemical (Yuan et al. 2010; Sakamoto et al. 2012; Unverzagt and Kajihara 2013) as well as chemoenzymatic (Yamamoto 2001; Schwarz et al. 2010; Wang and Lomino 2012; Wang and Amin 2014) synthesis of structurally defined glycoproteins have been achieved, which are expected to enable unambiguous analysis of interactions between glycoproteins and chaperones. For instance, Kajihara et al. created novel glycoproteins in native as well as intentionally misfolded forms, which were shown to be valuable in studying glycoprotein folding process Dedola et al. 2014 ). Wang and co-workers prepared G 1 M 9 GN 2 -RNase derived from chemically synthesized oligosaccharide oxazoline and evaluated its binding to CRT (Amin et al. 2011) .
Aspergillus oryzae, a filamentous fungus, is widely exploited in fermentation industries owing to its ability to produce notably higher level of heterologous proteins than cells from higher eukaryotes (Gouka et al. 1997; Archer 2000; Punt et al. 2000; Kitamoto 2002 ). Accordingly, the fungus is highly promising as a host for producing recombinant glycoproteins. Previous studies clarified glycan composition of A. oryzae-derived glycoproteins. Most typically, taka-amylase A and β-galactosidase consist mainly of high-mannose-type glycans (Minobe et al. 1979; Nakao et al. 1987) .
Despite the attractiveness of A. oryzae as a host for protein expression, its glycoprotein folding process in the ER has been poorly understood. A CNX gene was identified in A. oryzae (Watanabe et al. 2007) , while CRT and ERp57 seem to be absent. The redox-active Cys-X-X-Cys motifs (such as CGHC) in PDI-like proteins are proposed to facilitate formation as well as isomerization of disulfide linkages of client glycoproteins. In this context, a yeast protein Mpd1p was reported to interact with CNX and implicated to have similar function as mammalian ERp57 (Vitu et al. 2010) .
Although several PDI family proteins have been identified in A. oryzae (Machida et al. 2005) (Figure 1 ), it has not been known if any of them associates with A. oryzae CNX (AoCNX). Among them, the most homologous to ERp57 is PdiA, which, similarly to ERp57, has four thioredoxin-like domains and two CGHC motifs. Other proteins that share PDI-like characteristics are TigA, PrpA and Eps1. TigA and Eps1 have two CXXC motifs, while there is only one CGHC motif in PrpA, which resides in the N-terminal region.
In this work, we conducted the analysis of interactions between PDIs and soluble form of CNX originating from A. oryzae (AoCNX) by using recombinant proteins expressed in Escherichia coli. Preparation of homogeneously glycosylated RNase carrying a monoglucosylated high-mannose-type glycan G 1 M 9 GN 2 was achieved by endoglycosidasemediated transglycosylation. Synthesized G 1 M 9 GN 2 -RNase was shown to have similar specific activity as natural RNase B. Glycan-binding specificity of A. oryzae-derived CNX (AoCNX) was revealed to be similar to CNX of mammalian origin, underscoring the role of AoCNX in glycoprotein folding cycle. Among several PDIs in the ER, TigA was revealed to associate with AoCNX. TigA, whose gene is distributed in some of protist and fungi (Jeenes et al. 1997; Sims et al. 2004) , comprises three domains, two of which residing at N-terminal have thioredoxinlike characteristics with CGHC motifs required for its PDI activity. While TigA itself exhibited some refolding activity, co-existence of AoCNX dramatically enhanced the folding of G 1 M 9 GN 2 -RNase. Subsequent experiments using truncated TigA domains revealed that N-terminal a domain is essential for CNX binding. In addition, we performed mutational study on the active sites in TigA, which revealed that the CGHC motif at C-terminal is critical for its PDI activity. Identification of the TigA as a partner protein of AoCNX will advance understanding of protein folding process in A. oryzae.
Results
Enzymatically synthesized G 1 M 9 GN 2 -RNase showed comparable activity as RNases B RNase B has a single N-glycosylation site at Asn 34 , on which a highmannose-type glycan consisting of 5-9 mannose residues is attached. For the preparation of G 1 M 9 GN 2 -RNase by enzymatic transglycosylation (Figure 2A ), the acceptor substrate GN-RNase was prepared by EndoH digestion of RNase B, while G 1 M 9 GN-oxazoline was prepared from G 1 M 9 GN 2 -Asn(Fmoc) obtained from chicken IgY (Wang et al. 2015) . As expected, incubation of G 1 M 9 GN-oxazoline and GN-RNase with EndoA-N195A (Yin et al. 2009; Umekawa et al. 2010) in sodium phosphate buffer resulted in smooth formation of G 1 M 9 GN 2 -RNase. The reaction was monitored by reversed-phase high-performance liquid chromatography (RP-HPLC), in which retention time of the product was shorter than GN-RNase. After 8 h incubation, the yield of G 1 M 9 GN 2 -RNase reached ca. 40%. However, further incubation produced PNGase F-resistant byproducts without significant increase of the desired product. The transglycosylated product was isolated by HPLC ( Figure 2B ), molecular weight of which measured by MALDI-TOF MS (15,711 Da) was in good agreement with the value calculated for G 1 M 9 GN 2 -RNase (15,708 Da). To further confirm its identity, PNGase F digestion was conducted ( Figure 2C ). On SDS-PAGE, purified G 1 M 9 GN 2 -RNase gave a single band at 16 kDa, which was converted to 14 kDa after treatment with PNGase F, indicating the formation of the asparagine-linked G 1 M 9 GN 2 .
Enzymatic activity of synthesized G 1 M 9 GN 2 -RNase was measured in comparison with natural RNase B. We employed a facile and sensitive method based on fluorescence resonance energy transfer (FRET), in which the fluorescence emission at 515 nm was measured to quantify the enzymatic activity as RNase (Park et al. 2001) . In the intact substrate 5′,6-carboxyfluorescein-dArUdAdA-3′,6-carboxytetramethylrhodamine (6-FAM-dArUdAdA-6-TAMRA), 6-TAMRA quenched the fluorescence emission of the 6-FAM at 515 nm. As the substrate is hydrolyzed by RNase, 6-FAM-dArU is released and the fluorescence emission at 515 nm intensifies. The results showed that the G 1 M 9 GN 2 -RNase had similar enzymatic activity as natural RNase B, suggesting that it was properly folded ( Figure 2D ).
AoCNX has specific affinity to monoglucosylated glycans
Since CNX from various species is known to recognize monoglucosylated high-mannose-type glycans with high specificity, AoCNX was anticipated to have similar property as a lectin. To confirm this, we carried out the binding assay by ultrafiltration method , employing BODIPY-labeled glycans as substrates ( Figure 3A ) and AoCNX. As anticipated, AoCNX interacted specifically with monoglucosylated glycan substrates ( Figure 3B ). Namely, while nonglucosylated glycans (5-8) showed no detectable binding, all monoglucosylated glycans (1-4) exhibited affinity to AoCNX. Among them, G 1 M 9 GN 2 (1) and G 1 M 8 (B)GN 2 (2) were revealed to have strongest binding. The dissociation constants (K d ) were calculated by nonlinear regression curve fitting (KaleidaGraph, Synergy Software, Inc.). The order of CNX-binding capacity was 2 ≈ 1 > 3 > 4 ( Figure 3B ). The specificity seems to be subtly different from human CNX, as the latter was reported to have similar affinity to both G 1 M 8 GN 2 isomers ).
AoCNX associates with a PDI-like protein TigA
In order to seek PDI-like proteins which exist in association with AoCNX, the protein was immobilized on beads, by using CNBractivated Sepharose. Unmodified resin (Sepharose 4B) was used as a negative control. The interaction of AoCNX and PDIs was assessed by comparing protein amounts in supernatants. PDI-like proteins of A. oryzae origin, PdiA, TigA, PrpA, and Eps1, as well as human ERp57 were individually mixed and incubated with the resin. The SDS-PAGE profiles of supernatants after incubation are shown in Figure 4A . Significant decrease was observed only for TigA, indicating that TigA, but not other PDIs, bound to AoCNX. The AoCNXconjugated resin captured 62% of TigA in comparison with the negative control (ImageQuant TL, GE).
Furthermore, to determine the domain responsible for binding to AoCNX, four truncated forms of TigA, a domain, a′ domain, c domain and a/a′ domain, were prepared ( Figure 4B ). In contrast to a′ and c domain, a domain diminished after incubation with the resin, indicating that the binding to AoCNX relies on the N-terminal a domain of TigA ( Figure 4C ). The decrease of ∼60% of a/a′ domain further supports the conclusion.
Cross-linking experiment gave an additional evidence for the association of AoCNX and TigA ( Figure 4D ). Namely, incubation of a mixture of these proteins in the presence of dimethyl suberimimidate (DMS) resulted in the formation of a new band, a molecular weight of which was in agreement with the heterodimer. In contrast, no dimer formation was observed for PdiA or PrpA, suggesting that the AoCNX associate specifically with TigA (results not shown).
A combination of AoCNX and TigA enhanced the refolding rate of G 1 M 9 GN 2 -RNase Next, we determine the ability of AoCNX and TigA to facilitate folding of glycoproteins ( Figure 5A ). Previous studies revealed chaperone activities of CRT and CNX toward glycoproteins (Saito et al. 1999; Stronge et al. 2001; Leach and Williams 2004) . As we have successfully prepared G 1 M 9 GN 2 -RNase, we assessed the effect of CNX, TigA and CNX/TigA on the refolding of this glycoprotein.
Judging from the recovery of the enzymatic activity which was measured by fluorescence intensity, AoCNX was not able to facilitate the protein refolding. Whilst small extent of refolding was observed, no beneficial effect of AoCNX over spontaneous refolding was seen ( Figure 5A ). In contrast, the addition of TigA caused apparent promotion of the refolding. After 4 h incubation with TigA, 21% of the RNase activity was recovered, indicating that 4-fold higher extent of refolding was caused by TigA ( Figure 5A ). Furthermore, co-existence of AoCNX and TigA dramatically enhanced the refolding level to 52%, a value 10-fold higher than spontaneous refolding. These results suggested that, besides the PDI-like activity of TigA, co-existence of AoCNX facilitates folding of G 1 M 9 GN 2 -RNase. This effect is most likely due to the ability of AoCNX to bring monoglucosylated glycoproteins to the proximity of TigA.
Thioredoxin motif in the C-terminal domain of TigA is essential for the refolding activity
Above results indicate the cooperative role of AoCNX and TigA in glycoprotein folding. TigA contains two thioredoxin domains having CGHC motifs at both N-and C-terminal. To search for the active motif of TigA, we created mutants, in which one or both of the CGHC motifs were disrupted ( Figure 5B ). Namely, replacement of cysteine by serine in either N-or C-terminal CGHC gave TigA mutants marked as CCSS, SSCC, SSCS, CSCS and SSSS ( Figure 5B ). They were incubated with AoCNX and the RNase refolding activity was evaluated in comparison with wild-type TigA (CCCC). Comparison of mutants revealed contribution of CGHC motifs. While significant decrease (>60%) of refolding efficiency was observed for four of the TigA mutants, activity of the SSCC mutant was nearly identical with wild-type TigA, indicating that the CGHC motif residing in the C-terminal region is essential for the glycoprotein folding process. Interestingly, a mutant SSSS in the presence of AoCNX had higher refolding activity than AoCNX only. Accordingly, it would be possible that part of the chaperone activity of TigA is independent on Cys residues responsible for its PDI activity.
In addition, an AoCNX mutant K147A, which is devoid of the carbohydrate-binding ability (Leach et al. 2002; Kozlov et al. 2010) , was employed in combination with TigA. In this case, clearly reduced refolding ability was observed. This result indicated that recognition of monoglucosylated glycan is necessary to maximize refolding activity of the AoCNX/TigA complex. 
Discussion
CNX plays important roles in folding of glycoproteins in eukaryotes. Its specific recognition of G 1 M 9 GN 2 -glycan moieties is considered to be essential for its activity (Ruiz-Canada et al. 2009 ). In mammalian cells, it is firmly established that CNX recognizes G 1 M 9 GN 2--polypeptides and drives them to the proper folding with the assistance of a PDI-like protein, ERp57. However, knowledge has been far more limited about protein folding system in fungi such as A. oryzae, in spite of its promise for protein engineering and industrial application.
In light of structural heterogeneity of naturally occurring glycoproteins, synthetic access to homogeneous glycoproteins is highly valuable in studying molecular mechanism and functional analysis of the ER quality control system. Our attempt was made to use G 1 M 9 glycan for transglycosylation. As an approach complementary to chemical synthesis of monoglucosylated glycans (Matsuo et al. 2003; Arai et al. 2005) , we opted to obtain the required glycan from egg yolk (Wang et al. 2015) , as IgY (chicken IgG) is known to be an exceptionally rich source of G 1 M 9 GN 2 (Ohta et al. 1991 ). For the current purpose, the glycan was released by EndoH and converted to corresponding oxazoline (G 1 M 9 GN-oxazoline). Transglycosylation between GN-RNase and G 1 M 9 GN-oxazoline was best achieved by EndoA-N195A, which provided reasonable yield of the desired product. Somewhat to our surprise, EndoM mutants (N175A and N175Q) were not effective for this particular purpose.
The glycan-binding assay confirmed that AoCNX specifically interacts with monoglucosylated glycans (Figure 3) . Notably, G 1 M 8 (B) GN 2 (2) which lacks α1,2-linked mannose residue on the B arm showed almost equal binding capacity as G 1 M 9 GN 2 (1). On the other hand, significant decrease of affinity was observed when an α1,2-linked mannose residue on the C arm was dismissed (G 1 M 8 (C) GN 2 ; 3), which was further reduced when both outer mannoses in the B and C arms were lost (G 1 M 7 GN 2 ; 4). The above results indicate that the lectin properties of AoCNX and mammalian CNX are similar but slightly different. In addition to the monoglucosylated A arm, α1,2-linked mannose residues in the B and C arms of high-mannose glycans also contribute to the binding to AoCNX, especially the most outer mannose in the C arm.
Among several PDIs in A. oryzae, TigA was found to associate with AoCNX, indicating its role similar to ERp57 in mammalian systems ( Figure 4) . As its ortholog in mammalian and yeast have been unknown, A. oryzae seems to possess a TigA-dependent unique chaperone system. Binding mode between AoCNX and TigA was investigated by using several truncates of TigA. Among three domains, the a domain fully bound with AoCNX, while the a′ and the c domain did not show obvious binding, indicating CNX-binding site in TigA is located in the a domain. The a/a′ domain also exhibited the affinity; only 44% remained after incubating with AoCNX-immobilized beads. Denatured G 1 M 9 GN 2 -RNase was utilized to examine the chaperone activity of the AoCNX/TigA complex. Recovery of the enzymatic activity clearly indicated that the refolding was markedly accelerated when both AoCNX and TigA were present ( Figure 5A ). The addition of TigA alone promoted the folding, albeit to a smaller extent than in the co-existence of AoCNX, while AoCNX per se exhibited no refolding activity. The results are intriguing in light of our observation that TigA had intrinsically weak PDI activity, circa one-fifth of PdiA (data not shown), and only 21% of the protein converted to be active after 4 h incubation ( Figure 5A ). The AoCNX/TigA complex was clearly more effective in catalyzing protein folding, by which 52% of the activity was recovered after 4 h. Accordingly, it is deductively speculated that added AoCNX promoted refolding of glycoproteins by recruiting them to TigA. Indeed, the AoCNX mutant K147A, which is devoid of the lectin activity, was not able to enhance the refolding activity of TigA ( Figure 5B ). Subsequent mutation study showed that the C-terminal CGHC motif of TigA was essential and sufficient for its catalytic activity, while N-terminal CGHC is dispensable. Among the TigA mutants with the replacement of Cys by Ser in either N-or C-terminal CGHC, SSCC which kept the CGHC motif at C-terminal side showed equal activity as wild-type TigA ( Figure 5B ). In comparison with ERp57 which has four thioredoxin domains, the size of TigA is relatively small. Since the N-terminal a domain is occupied by binding with AoCNX, the C-terminal CGHC may be more accessible in interacting with substrate proteins (Figure 6 ). At present, biochemical significance of the N-terminal CGHC motif remains unclear. It might be postulated that this domain exhibits PDI activity toward glycoproteins which are larger in size than RNase. In the cases of human and yeast PDIs, it has been shown that their two CGHCcontaining thioredoxin domains play different biochemical roles in complexed PDI reaction or oxidation/reduction conversion of the sulfhydryl groups in the presence of Ero1 (Kulp et al. 2006; Vitu et al. 2010) . Use of other G 1 M 9 GN 2 -type glycoproteins as refolding substrates would clarify a role of the N-terminal CGHC.
In conclusion, we present the first evidence that folding of monoglucosylated glycoprotein was assisted by cooperative action of CNX and TigA in A. oryzae. It was proved that AoCNX specifically bound to monoglucosylated glycans and TigA. The CNX-binding site in TigA located in the N-terminal a domain. The mutant study of TigA suggested that the CGHC motif in the C-terminal side is more effective for protein folding. This work will help drawing a schematic view of protein control system in A. oryzae, which will be valuable in the future biochemical research and industrial application of glycoprotein synthesis.
Materials and methods

Materials
RNase B was from Sigma-Aldrich (St. Louis, MO). EndoH was from New England Biolabs (Ipswich, MA). PNGase F was from Roche Diagnostics (Basel, Switzerland). The RNase substrate 6-FAM-dArUdAdA-6-TAMRA was from Integrated DNA Technologies (Coralville, IA). Glutathione (GSH), glutathione disulfide (GSSG), 2-chloro-1,3-dimethylimidazolinium chloride (DMC), guanidine hydrochloride (GdnHCl), dithiothreitol (DTT) and DMS were from Wako Pure Chemical Industries (Osaka, Japan). All the solutions were prepared fresh.
Preparation of G 1 M 9 GN 2 -RNase
IgY-rich fraction of egg yolk, which contains G 1 M 9 GN 2 -asparagine, was obtained by using sodium sulfate as reported (Ohta et al. 1991) . The glyco-amino acid was labeled by N-(9-fluorenylmethoxycar bonyloxy)succinimide (FmocOSu, Peptide Institute, Inc.) and purified as described previously Wang et al. 2015) . The G 1 M 9 GN 2 -Asn(Fmoc) was hydrolyzed by EndoH to give G 1 M 9 GN, which was then converted to G 1 M 9 GN-oxazoline by treatment with excess DMC (Noguchi et al. 2009 ) in the presence of triethylamine. On the other hand, removal of N-glycan from RNase B was conducted by EndoH to give GN-RNase, which was used as the acceptor for the enzymatic transglycosylation (Figure 2A) .
Recombinant EndoA-N195A (Yin et al. 2009; Huang et al. 2010 ) was produced as follows. A DNA fragment encoding 25-645 aa of the mutated protein (Asn 195 converted to Ala) was custom synthesized by Life Technologies Corp., and cloned into pCold I expression vector between NdeI and XbaI sites. Expression of the protein in E. coli BL21 cells and its purification by Ni-NTA agarose (Qiagen) were performed according to the manufacturer's instructions. The yield of EndoA-N195A was 7.5 mg from 600 mL of the culture. G 1 M 9 GNoxazoline and GN-RNase (10 : 1) with EndoA-N195A were incubated in 50 mM phosphate buffer (34.2 mM Na 2 HPO 4 /15.8 mM NaH 2 PO 4 , pH 7.2) at 23°C for 8 h, resulting in the formation of G 1 M 9 GN 2 -RNase, which was purified by RP-HPLC using previously described method (Amin et al. 2011, conditions: column, WP300 C8 5 μm 4.6 × 250 mm; eluent A, H 2 O with 0.05% trifluoroacetic acid; eluent B, CH 3 CN with 0.05% trifluoroacetic acid; gradient: 0-30 min, 22-29% B; flow rate, 1 mL/min). The glycan was released by treatment with PNGase F, confirming that it was linked to the Asn residue of RNase (Aikawa et al. 2012 ).
Assay of RNase activity
Enzymatic activity of RNase preparations was measured by the method based on FRET (Park et al. 2001) . Briefly, a solution containing 6-FAM-dArUdAdA-6-TAMRA (50 μL, 0.25 μM) and sodium acetate buffer (50 μL, 275 mM AcONa/25 mM AcOH, pH 5.8) was placed in a flat bottom 96-well plate (Microfluor Black, Thermo Scientific). The reaction was started by the addition of the RNases solution in 50 mM Tris-HCl, 5 mM CaCl 2 , 2 mM EDTA (50 μL, pH 7.5). The fluorescence emission was monitored at 515 nm, on excitation at 490 nm. The control reaction was run without the enzymes.
Refolding of RNases
RNases were reduced and denatured by incubation at room temperature overnight with 50 mM Tris-HCl (pH 8.0), 6 M GdnHCl and 100 mM DTT. The preparation was desalted in 0.5% acetic acid (pH 3.0) by centrifugal filter (Amicon Ultra 3K, Millipore). A typical refolding assay is as follows. Denatured G 1 M 9 GN 2 -RNase (0.1 μM) was incubated with AoCNX (0.1 μM) and/or TigA (0.2 μM) in 50 mM Tris-HCl, 5 mM CaCl 2 , 2 mM EDTA, 0.1 mM GSSG and 1 mM GSH (10 μL, pH 7.5) at 37°C. After 4 and 8 h, 1 μL of the reaction solution was diluted 1000 times by the same buffer and RNase activity was immediately measured as described in "Assay of RNase activity". The refolding rate was estimated by RNase activities taking that of intact G 1 M 9 GN 2 -RNase (0.1 nM) as 100%. Glycan-binding specificity of A. oryzae CNX
The screening of AoCNX-glycan-binding specificity was performed by using ultrafiltration membrane (VIVACON 500, MW 10,000, Sartorius Stedim Biotech) as reported . Briefly, AoCNX was mixed with BODIPY-labeled glycans (Totani et al. 2009; Koizumi et al. 2013; Fujikawa et al. 2015) and kept at 4°C. After 30 min, the solutions were centrifuged and the unbound glycans were quantified by HPLC. Affinity constants were obtained by conducting analysis on several AoCNX concentrations.
Binding analysis between AoCNX and PDIs
AoCNX-conjugated resin was prepared using CNBr-activated Sepharose 4B (GE Healthcare) according to the manufacturer's instructions. A typical assay procedure is as follows. Thirty microliters of Sepharose 4B or AoCNX-conjugated resin were incubated with 20 μL of each PDI protein in HEPES/NaOH (10 mM, pH 7.0), and kept under shaking at 4°C for 2 h. After centrifugation, 10 μL of each supernatant was applied to SDS-PAGE to evaluate the interaction between each PDI protein and AoCNX. The image of SDS-PAGE was obtained by ImageQuant LAS 4000 (GE).
Chemical cross-linking between AoCNX and PDIs
Five microliters of TigA (10 μM) in HEPES/NaOH (10 mM, pH 7.0) were mixed with AoCNX (10 μM, 5 μL) and stayed for 45 min at 4°C. Protein solution and DMS dihydrochloride (1 mM, 1 μL) were added to the cross-linking buffer (HEPES/NaOH, 0.2 M, pH 8.0) and incubated at room temperature for 60 min. The reaction was terminated by adding Tris-HCl for a final concentration of 50 mM. The mixture was applied to SDS-PAGE to analyze the cross-link product. The image of SDS-PAGE was obtained by ImageQuant LAS 4000 (GE).
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